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Abstract. We have measured the phase-delay and rms
amplitude spectra of Cyg X-2 and Sco X-1. Using EX-
OSAT data from the normal branch of Cyg X-2 we con-
firm earlier (Ginga) results, showing that at an energy
near 6 keV there is both a minimum in the QPO rms am-
plitude spectrum and a 150◦ phase jump in the quasi-
periodic oscillations (QPO) phase-delay spectrum.
Surprisingly, using EXOSAT and Ginga data, we find
no evidence for a phase jump of this kind in the phase-
delay spectrum of Sco X-1 on either the normal or flaring
branch. Upper limits (90% confidence) of 42◦ can be set
on any phase jump in the energy range 2–10keV on the
normal branch, and 88◦ on the flaring branch. The QPO
rms amplitude spectrum of Sco X-1 increases steeply with
energy on both the normal and flaring branches. These
results suggest that the X-ray spectrum pivots about an
energy of <∼2 keV or >∼10 keV or that normal branch QPO
of Sco X-1 does not have a pivoting spectrum. We discuss
the implications of these results in terms of the radiation-
hydrodynamic model for normal branch QPO.
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1. Introduction.
After the discovery of quasi-periodic oscillations (QPO) in
power density spectra of the X-ray variability of GX 5−1
(van der Klis et al. 1985), QPO were also discovered in
Sco X-1 (Middleditch & Priedhorsky 1986) and Cyg X-2
(Hasinger et al. 1986). Further study showed that six of
the persistently bright low-mass X-ray binaries (LMXB)
form a distinct group: the Z-sources (Hasinger & van der
Klis, 1989. Also see the review by van der Klis, 1995).
As the energy spectrum varies in time, a Z source
traces out a characteristic, Z-shaped track in a X-ray
colour-colour diagram (CD) whose x-axis is the ratio of
the count rates in two low-energy bands while the y-axis is
the ratio of the count rates in two high-energy bands. The
three branches of the Z, from top to bottom, are called the
horizontal branch (HB), normal branch (NB), and flaring
branch (FB).
The fast timing behaviour (millisecond to tens of sec-
onds) is well correlated to the position of the source along
its track, thus defining the state of the source. Two1 dis-
tinct types of low frequency QPO have been identified.
The horizontal branch oscillations (HBO) with frequen-
cies between 15 and 55Hz have been observed in Cyg X-2,
GX 5−1, GX 340+0, GX 17+2, and Sco X-1. The ∼6Hz
normal branch oscillations (NBO) are observed from all Z
sources. As Sco X-1 moves from the NB to the FB the
QPO frequency increases rapidly but smoothly (Pried-
horsky et al. 1986, Dieters & van der Klis 1999). Appar-
ently similar changes in frequency are seen for GX 17+2
(Penninx et al. 1990). This smooth transition in QPO fre-
1 We do not discuss the recently discovered kilohertz QPO,
from Z and Atoll sources or the 45Hz QPO (probably HBO) in
Sco X-1 found with RXTE (see review by van der Klis 1997)
because they are undetectable with EXOSAT or Ginga data
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quency suggests that the NBO and the flaring branch os-
cillations (FBO) are related phenomena. On the FB, the
QPO frequency is well correlated with X-ray count rate
and position along the Z-track. Other Z sources such as
GX 5−1 and Cyg X-2 have relatively inconspicuous flar-
ing branches with, so far, no FBO2.
Even though the QPO cannot be directly observed
with EXOSAT or Ginga, it is possible to measure the QPO
properties as a function of energy using Fourier techniques
applied to large amounts of high time resolution multi-
channel data. We call the fractional rms variability am-
plitude as a function of energy the “rms amplitude spec-
trum”. By using Fourier cross-spectra we can measure the
phase or, equivalently, the time delay between the QPO
at different energies. We call the phase difference or time
delay between signals as a function of photon energy the
“phase-delay spectrum” and “time-delay spectrum”, re-
spectively.
Cross spectral techniques were first applied to the
HBO of Cyg X-2 by van der Klis et al. (1987). They found
that the HBO at higher energies was delayed (lagged) with
respect to the HBO at lower energies by several millisec-
onds. More recently, Vaughan et al. (1994a) have found
that the phase lag increases smoothly with increasing en-
ergy for the HBO of GX 5−1.
Ginga data from Cyg X-2 when it was on its NB (Mit-
suda & Dotani 1989) showed that the NBO in the high
energy bands (7–18keV) had time-lags relative to the low-
energy bands (1–7keV) of up to ∼80ms or equivalently
150◦ phase lag. This phase-lag jump occurred near 6 keV,
where there is also a minimum in the rms amplitude spec-
trum.
Vaughan et al. (1994a) introduced a new, more sen-
sitive, method for measuring the phase-delay spectrum.
Using this method it was found that there is a sharp
phase jump of ∼150◦ at ∼ 3.5 keV in the NBO of GX 5−1
(Vaughan et al. 1999). However, there was only marginal
evidence for a minimum in the rms amplitude spectrum
at this energy.
The combination of a ∼180◦ phase shift and a mini-
mum in the rms amplitude spectrum of the NBO at the
same photon energy can be explained by a radiation-
hydrodynamic model (Lamb 1989, Fortner et al. 1989,
Miller & Lamb 1992). At near Eddington accretion rates
an approximately spherical flow forms. Within this flow a
global radiation-hydrodynamic mode can be excited with
a frequency inversely proportional to the inflow time. Be-
cause of the high luminosities, radiation forces become im-
portant and the infall time-scale is lengthened. Consider a
density enhancement at the outer boundary; as it reaches
the inner boundary its interaction with the outgoing radi-
ation increases resulting in an increase or decrease in the
2 The QPO on the FB of Cyg X-2 (Kuulkers & van der
Klis 1995) are thought to be of a different character than the
NBO/FBO of Sco X-1 and GX 17+2
radiation flux reaching the outer boundary and hence in-
duces, via the change in radiation force, a density change
in the infalling material. Whether the flux increases or
decreases depends upon the relative importance of the in-
duced luminosity or Compton scattering opacity changes.
If the influence of the changes in the Compton scattering
optical depth within the radial flow dominates the influ-
ence of the changes in the luminosity during the NBO
and the Compton temperature of the X-ray spectrum is
low enough, then the X-ray spectrum “pivots” during the
oscillations (Lamb 1989, Miller & Lamb 1992). As a result,
the oscillations above the pivot energy are ∼180 degrees
out of phase with the oscillations below the pivot energy
and the oscillation amplitude is small near the pivot en-
ergy. The pivot energy is most sensitive to the electron
temperature in the radial flow. If instead the effect of
the change in the luminosity during the NBO dominates,
the X-ray spectrum may oscillate but not “pivot” (Psaltis
& Lamb 1999). The luminosity at the NB-FB junction,
where the N/FBO frequency changes abruptly (Dieters &
van der Klis 1999), is identified with the Eddington crit-
ical luminosity (Hasinger 1987). The change in QPO as
Sco X-1 moves into and along the FB may be explained
either by the shrinking of the radial flow region (Lamb,
1989) or the excitation of non-radial modes (Miller & Park
1995).
We applied the Vaughan et al. (1994a) method to EX-
OSAT data from the NB of Cyg X-2 and on the NB and
FB of Sco X-1. Ginga data from the FB of Sco X-1 were
also analyzed. Because instrumental dead-time can mimic
a 180◦ phase lag between low- and high-energy fluxes, it is
important to treat it carefully. The dead-time was treated
differently for the EXOSAT than for the Ginga data. For
Ginga data the dead-time was corrected in the time do-
main (Vaughan et al. 1999) whereas for the EXOSAT data
the dead-time effects were corrected in the frequency do-
main (van der Klis et al. 1987).
Here we report, for the first time, the detection of
near 180◦ phase lags in the NBO of Cyg X-2 with EX-
OSAT data. This is a direct confirmation of the results of
Mitsuda & Dotani (1989), who used Ginga data. We set
approximate limits on the change in pivot energy with po-
sition on the NB. No Sco X-1 data have previously been
analyzed for phase lags. We find for both the NB and
FB of Sco X-1 that the rms amplitude spectrum increases
steeply with photon energy, with no indication of a mini-
mum. We detect only small phase lags with no indications
of any ∼180◦ phase lags on either the NB or FB.
2. Observations
We used data from the ME detectors on-board EXOSAT
(Turner et al. 1981, White & Peacock 1988) and from the
LAC detectors on the Ginga satellite (Makino et al. 1987,
Turner et al. 1989). The EXOSAT HER7 observing mode
provided 4 energy channels of data with 4 or 8ms time res-
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olution. Sco X-1 was observed using the HER7 mode on
the NB and FB on Aug 25 (day 237) 1985 (Priedhorsky
et al. 1986) and on the NB on March 13 (day 072) 1986
(Hasinger et al. 1989). The energy bands were 0.9–3.1,
3.1–4.9, 4.9–6.6, and 6.6–19.5keV. These Sco X-1 observa-
tions were non-standard in that one half-array of 4 detec-
tors was off-set pointed (∼12% collimator response), gath-
ering HER7 data from only the argon (1–20keV) detec-
tors of the ME instrument, while the other half-array was
pointed directly at Sco X-1 gathering high-time-resolution
(HTR3 mode), single-channel (4 or 8ms, 5–35keV) data
from only the xenon detectors of the ME instrument.
During each NB observation of Sco X-1 the QPO fre-
quency was generally stable. Any short frequency excur-
sions (>1Hz away from the average) were excluded from
the data to keep the average QPO peak narrow. A to-
tal of 3040 s and 5504 s of data were selected from data
taken during the Aug 1985 and March 1986 observa-
tions. Both observations spanned the lower normal branch;
1.6≤SZ≤1.9
3 . The QPO frequency was 6.41±0.05Hz
(full width half maximum, FWHM, of 1.91±0.14Hz) dur-
ing the Aug 1985 observation and 6.15±0.05Hz (FWHM
of 2.4±0.4Hz) during the Mar 1986 observation. The
EXOSAT Aug 25, 1985 observation also contained data
while Sco X-1 was on the flaring branch. These data
were grouped according to QPO frequency. Only in the
frequency range 14.5–15.5Hz were there sufficient data
for phase-lag studies; i.e., a total of 5632 s spanning
2.06≤SZ≤2.17.
The Ginga data on Sco X-1 studied here were obtained
using MPC-3 mode data, which consists of 12 spectral
channels over the energy range 1.5–18.7keV (high detec-
tor gain) with 8ms time resolution. During these observa-
tions on March 9/11 1989, Sco X-1 was on the FB (Hertz
et al. 1992). Data (3320 s) were selected from the lowest
segment of the flaring branch where the QPO frequency
was 14.5Hz±0.3Hz (FWHM of 6.3±1.3Hz). This QPO
frequency is found at Z track positions corresponding to
2.06≤SZ≤2.09. There are no high-time- resolution Ginga
data available when Sco X-1 showed NBO.
The EXOSAT observations of Cyg X-2 were obtained
on November 14/15 (day 318/319) of 1985 using the HER7
mode with a time resolution of 4ms. During this ob-
servation which lasted ∼13hr, Cyg X-2 was on the NB
and FB (Hasinger & van der Klis 1989, Kuulkers et al.
1996). Four energy bands (from the argon layer detec-
tors) were available: 0.9–3.1, 3.1–4.7, 4.7–6.3, and 6.3–
19.7 keV (i.e., roughly the same energy bands as used
for Sco X-1). The NBO are clearly present over the
range SZ=1.3–1.7. We divided the NB into two parts: in
3 The Z-track position is parameterized by SZ, the arc length
along a smooth Z-track drawn through the points on a colour-
colour diagram, scaled such that SZ=1 at the HB/NB vertex
and SZ=2 at the NB/FB vertex (see Dieters & van der Klis
1999).
the ranges 1.1≤SZ≤1.6 (“upper NB”) and 1.6≤SZ≤2.0
(“lower NB”). This yielded 14048 s and 15168 s of obser-
vations for the upper NB and the lower NB, respectively.
The mean QPO frequency was 5.6±0.1Hz with FWHM
2.2±0.3Hz on the upper NB and 5.8±0.1Hz with FWHM
1.7±0.5Hz on the lower NB.
3. Analysis
We first divided the data into 32 s long data segments and
then calculated the individual complex Fourier transforms
(CFTs). This was done for each energy channel. Then, the
cross spectrum was calculated as the product of the CFT
of one channel with the complex conjugate of the CFT
of the other channel for each possible pair of energy chan-
nels. In each data set the cross spectra of all data segments
were averaged together. The average cross spectrum thus
consists of a sequence of individual cross vectors, one at
each Fourier frequency. Further averaging was done in fre-
quency to produce an average cross-vector over the QPO
frequency range for each pair of energy channels.
Instrumental dead time induces an anti-correlation be-
tween energy channels that appears in the cross correla-
tion function as an anomalously large negative value at
zero lag, and in the cross spectrum as a purely negative
real part in each cross vector that is independent of Fourier
frequency, corresponding to a phase difference of 180◦.
Both Poisson fluctuations and luminosity signals induce
such phase lags (Lewin et al. 1988). This effect is known
as channel cross-talk. The channel cross-talk induced by
the source signal (QPO) was found to be insignificant
compared to that from the Poisson fluctuations (Vaughan
et al. 1999) for typical QPO amplitudes and count-rates
as measured with EXOSAT and Ginga.
As discussed by Vaughan et al. (1999), there are three
possible approaches to handling the dead-time effects in-
duced by Poisson fluctuations. First, a “signal-free” cross
vector obtained from the data itself in a frequency range
devoid of signals can be subtracted from the signal (QPO)
cross vector. Second, by knowing the dead-time process,
the modified probability distribution in each channel can
be calculated and hence from it the induced covariance
and induced dead-time cross vector, which can then be
subtracted from the QPO cross vector. Last, the observed
count rates (as affected by dead-time) can be converted to
counts per live-time and then the corrected rates can be
used in calculating the complex Fourier spectra and so the
cross spectra are without the dead-time-induced negative,
real component. These three methods are referred to as the
frequency domain, statistical and time domain methods
respectively. We used the time domain (last) method for
the Ginga data and the frequency domain (first) method
for the EXOSAT data.
The dead-time process for EXOSAT is complicated
(Andrews 1984, Andrews & Stella 1985, Tennant 1987,
Berger & van der Klis 1994) and not entirely understood.
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Therefore it is not possible to estimate the effects of dead-
time on the count-rate distribution with the required de-
gree of precision. A time-domain count rate correction is
not possible because at high count rates the dependence
of dead-time on count-rate is not known precisely enough,
and also because the count rates, especially in the high-
energy channel are too low (≤1 per 4ms time bin). There
are too many zero count bins for an accurate conversion.
We therefore adopted the procedure of subtracting the
average real part of the observed cross spectrum at high
frequencies (72–128Hz) from the cross vector at each fre-
quency of the cross spectrum. This procedure is similar
to that used by van der Klis et al. (1987). The underly-
ing assumption is that there is no intrinsic signal in the
high-frequency region of the cross spectrum. At these fre-
quencies, high-frequency noise is the only known source
signal. Its amplitude, when QPO are detectable, is small
at high frequencies since its cut-off frequency is between
60 – 80Hz in the NB and near 35Hz on the FB (Dieters &
van der Klis 1999). Thus at high frequencies any time lags
should be due to instrumental effects and so should be a
good measure of the dead-time induced channel cross-talk.
The imaginary part of the high-frequency vector should be
ignored because the dead-time-induced vector is purely
real. In all cases we found a large negative real vector,
and the distribution of the imaginary part, at high fre-
quencies, was consistent with a null-mean normal distri-
bution (a large number of estimates were averaged, so the
central limit theorem applies) with a variance due only to
counting statistics.
For Ginga data the dead-time process is better under-
stood and, moreover, count rates in all energy channels
are high enough to correct them in the time domain. We
used the known, fixed dead-time per event to correct the
counts in each time bin and in each energy channel to
counts per live time, before computing cross spectra (Mit-
suda & Dotani 1989, Vaughan et al. 1999).
After calculating the cross spectra and applying the
above dead-time correction strategies, the average signal
cross vectors were calculated for each energy channel pair
by averaging over the frequency range of the QPO peak.
The signal frequency range used was νc±(3/4)∆νHz,
where νc is the QPO centroid frequency and ∆ν is its
FWHM. For the EXOSAT data, the error estimates in
the average signal cross vectors are based upon the ob-
served variance in the individual values of the real and
imaginary components of both the high-frequency vector
and the QPO vector. These error estimates are consistent
with the error expected from counting statistics, given the
count rates, rms amplitude of the QPO, and length of
the observations and assuming perfect coherence between
channels for the QPO. For the Ginga data the errors were
directly estimated from the cross vectors given the num-
ber of frequencies and Fourier transforms used (equation
11 of Vaughan et al. 1994a).
Because QPO are weak compared with counting (Pois-
son) noise, measuring phase differences involves first set-
ting a detection threshold on the magnitude of the av-
erage “signal” cross vector and then, only in the case
of significant detection, setting confidence limits on the
phase. Conceptually and computationally, the procedure
is similar to detecting and measuring coherent pulsations
(Vaughan et al. 1994b).
Each of the terms averaged together in estimating the
average cross vector of the QPO is the product of two
complex random variables whose real and imaginary parts
each have a Gaussian distribution with a null mean. In the
absence of a source signal, the real and imaginary parts of
the average cross vector are themselves distributed as null-
mean Gaussian random variables and the squared magni-
tude of the average cross spectrum, |G|2, is distributed as
exp(−|G|2/|G0|
2), where |G0|
2 can be well estimated from
the variances in the real and imaginary parts of the cross
spectrum. The phase angle (argument) of G is distributed
uniformly over [−pi,+pi].
A significant detection is when the magnitude of the
signal cross vector is greater than some previously chosen
detection threshold. We chose a 95% confidence detection
threshold for all cross spectra. If the average cross vector
fails to exceed the detection threshold, we can conclude
nothing about the presence or absence of phase differences
(angle of cross vector) or place any meaningful limits on
their size. Either the QPO signal is too weak compared
with the noise background to allow a significant detection,
or the signals in the different channels were not sufficiently
coherent (Vaughan et al. 1994a).
Once a significant detection of the cross vector is made,
the phase delay (the argument or phase angle of the signal
cross vector) can be found. We determined the 90% con-
fidence intervals of the phase angle. Naturally the phase
delay can be zero when the cross vector is significant. In
this case we can set a meaningful upper limit on the phase
delay.
For both the EXOSAT and Ginga data we used the χ2
method of Vaughan et al. (1994a), which makes use of all
available information by taking into account all statisti-
cally significant cross-vectors between each possible com-
bination of channels. Similar but less significant results
were obtained by only using the cross vectors between the
lowest energy channel and each of the other channels.
Towards the lowest and highest energies measured by
EXOSAT and Ginga the PHA spectrum of both sources
drops steeply. At low energies this is because of interstellar
absorption while at high energies it is due to a combina-
tion of the steep intrinsic energy spectrum and a drop in
detector efficiency. Thus the central energies, particularly
of the lowest and highest, and necessarily broadest chan-
nels, used to measure the rms amplitude and phase do not
reflect the energy of most of the photons being measured.
We can define the photon-average central energy as the
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Fig. 1. The channel by channel results for the cross-spectral
analysis of the EXOSAT data for Cyg X-2 and Sco X-1. The
upper panel is for the NBO of Cyg X-2 from data covering both
the upper and lower sections of the NB. The lower panel is for
the NBO of Sco X-1 using the sum of the NB data from 25
Aug 1985 and 13 March 1986. In each box the upper number
is the measured phase lag in degrees while the lower number is
the 90% uncertainty. A ∗ indicates that the magnitude of the
average cross vector is not significant.
the channel’s range. The photon average central energy
of the lowest and highest HER7 channels where measured
with multi-channel (32 or 128 channel) ME Ar data taken
on on Aug 3 (day 216) 1984 and Jun 26/27 (day 177/178)
1985, respectively. All 12 channels of the Ginga MPC-3
data were used to find these limits for Sco X-1 on the FB.
These half-count-rate energies are 2.3 and 9.6 keV, 2.9 and
12.0 keV for the EXOSAT and Ginga data for Sco X-1 re-
spectively, and 2.4 and 7.0 keV for the EXOSAT Cyg X-2
data.
Although, to first order, the theoretical rms amplitude
spectrum (Miller and Lamb 1992) can be directly com-
pared with our observed rms spectrum, to do a compari-
son good enough to place limits on pivot energy requires
folding a fine grid of models through the detector matrix.
Modeling the observed phase lag spectrum would require,
in addition to knowing the PHA spectrum, assumptions
about the variation of rms amplitude and phase with en-
ergy within each energy channel. Given the current state of
our knowledge we only provide general statements about
the energy of any phase jump.
4. Results
4.1. Cyg X-2.
For Cyg X-2 (EXOSAT data) we determined time/phase
delays in three independent frequency intervals, one cen-
tered on and covering the NBO (νNBO±
3
4
∆ν, i.e. 4.2–
7.2Hz) and two (1.2–4.2 and 7.2–10.2Hz) on each side of
the NBO peak in the power spectrum. In the frequency
ranges adjacent to the NBO we found no significant cross
vectors between any pair of energy channels.
In the NBO frequency range, particularly on the upper
normal branch, we found several significant cross vectors
which showed a large phase/time delay between the two
highest channels (3 and 4) and no significant delays be-
tween the lower energy channels (Fig. 2). The actual chan-
nel by channel detections, for the whole NB, are given in
the upper part of Fig 1.
Fig. 2. The rms amplitude spectrum and phase delay spectrum
from EXOSAT data for the NBO of Cyg X-2, averaged over the
part of the NB where the NBO is detectable. A 2σ upper limit
is shown for the rms amplitude in channel 3. The 1σ limit is
0.5% rms. The phase delays are with respect to channel 1, so
this channel has no error bar.
We determined a mean rms amplitude (energy) spec-
trum of the NBO. We fixed the NBO centroid frequency
at 5.7Hz and the FWHM at 2.0Hz, the values obtained
from a fit to the power spectra of the sum of channels 1–4,
and allowed only the strength of the NBO to vary in our
fits to the power spectra of the individual channels. There
is a dip at channel 3 (4.7–6.3 keV) in the rms amplitude
spectrum (2σ upper limit in Fig. 2).
We find that the rms amplitude spectra and the phase
delay spectra are the same within the 1σ errors on the
upper and lower branch. Since the dips in the model rms
amplitude spectra are comparable in width (∼1.8 keV) to
the width of channel 3, a change in pivot energy to an adja-
cent energy bin; i.e. to the middle of channel 2 (3.9 keV) or
to the photon average central energy of channel 4 (7 keV)
would cause a large change in the rms amplitude spec-
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trum. So we conclude that the pivot energy did not change
more than ∼±1.5keV along the NB. As a comparison with
the models (Miller & Lamb 1992); a change in electron
temperature from 0.5 to 1.0 keV changes the pivot energy
from 5.2 to 7.3 keV and so can be excluded.
In the upper NB the higher energy time/phase delay
amounted to 78±4ms or equivalently 161±9◦. In the lower
NB the time/phase lags were very similar, i.e.; 70±6ms
or alternatively 144±12◦. Averaged over the whole NB
the time/phase delays were 75±4ms or 154±7◦. Consid-
ering the source energy spectrum and model rms ampli-
tude spectra, the pivot energy should reasonably lie be-
tween (approximately) the middle of channel 3 (5.5 keV)
and photon average central energy of channel 4 (7 keV).
We therefore conclude that the pivot energy is near 6 keV.
Our results confirm, using another instrument (the
EXOSAT ME), the existence of both a near-180◦ phase
jump and a rms amplitude minimum in Cyg X-2 as previ-
ously seen by Mitsuda & Dotani (1989) using Ginga LAC
data. Because the instrumental dead-time effect produces
a 180◦ phase delay, it is reassuring that the results found
with two different instruments are in complete agreement.
4.2. Sco X-1.
Fig. 3. The rms amplitude spectrum and phase delay spectrum
from EXOSAT data on the NBO of Sco X-1, averaged over the
Aug 25, 1985 and March 13, 1986 data sets. The phase delays
are with respect to channel 1 on so this channel has no error
bar.
For the NB EXOSAT data from Sco X-1, we determined
the phase/time lags over the frequency range spanning the
NBO peak (νNBO±
3
4
∆ν) and also over several other fre-
quency ranges for each data set (Aug 25 1985 and March
13 1986) separately. We found no significant cross-vectors
for any of the non-QPO frequency ranges. The data, par-
ticularly from 13 March 1986 (day 072), were of suffi-
cient quality to detect significant QPO cross vectors. Our
channel-by-channel detections for the sum of the NB data
are listed in the lower part of Fig. 1. At the 90% confi-
dence level we found no phase delays in the NB greater
than 60◦ (largest limit in both data sets) between any pair
of energy channels. By combining both data sets, an over-
all upper limit of 42◦ (highest possible phase lag using the
χ2 method) at the 90% confidence level can be set on any
phase jump on the NB between ∼2.3 and 9.6 keV (photon
average central energies of channels 1 and 4 respectively).
The phase delay spectrum is shown in the lower panel of
Fig. 3. The separate rms amplitude spectra and also the
average of both observations (upper panel of Fig. 3) show
no sign of a dip.
Fig. 4. The rms amplitude spectrum and phase delay spectrum
from Ginga data for the FBO of Sco X-1. The phase delays are
with respect to channel 1 on so this channel has no error bar.
When a phase delay is not significant it has been omitted from
the plot. Some correlation in phase lag between adjacent bins
is introduced by the χ2 method.
The EXOSAT FB data were of sufficient quality only
to measure the phase delay between channels 2 and 3.
In the 10–20Hz range covering the QPO, this delay was
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consistent with zero (90% confidence upper limit of 22◦).
No significant cross-vectors were found for other frequency
ranges. These tests included frequencies typical of NBO.
The Ginga FB data showed significant cross vectors
between all channels, except those at the lowest and high-
est energies (lower panel of Fig. 4) where the QPO signal
is very weak, as can be seen in the rms energy spectrum
of the upper panel of Fig. 4. Again, the phase delays were
consistent with zero. The 90% confidence upper limit on
any phase lag between channels 1 to 8 (energy range 2.9–
12 keV) is 88◦ (between 4.5 and 8.1 keV this value is 51.4◦).
The rms energy spectrum on the FB has a similar form to
that on the NB, with no evidence for a dip.
5. Discussion
Our methods are capable of detecting a phase jump in EX-
OSAT data as is evidenced by our clear detection of such
a jump for Cyg X-2, confirming the result of Mitsuda &
Dotani (1989). For Sco X-1 we find no evidence for a phase
jump or minimum in the rms amplitude spectrum in the
range 2–10keV on the NB, or 3–12keV on the FB, with
90% confidence upper limits on the size of such a phase
jump of 42 and 88 degrees, respectively. Either Sco X-1
does not have a rocking NBO spectrum or the pivot en-
ergy is either <∼ 2 keV or >∼ 10 keV. In view of the fact that
the rms amplitude is steeply increasing with energy much
like the expected rms spectrum above the pivot energy
(Miller & Lamb 1992), we favour the lower possible pivot
energy. This is clearly different from the pivot energy of
Cyg X-2 which is close to 6 keV (Mitsuda & Dotani 1989,
this paper) and GX 5−1 at about 3.5 keV (Vaughan et al.
1999).
In many respects all the Z sources are very similar.
In particular the behaviour of the NBO is nearly identical
between sources. An exception may be GX 349+2 (Kuulk-
ers & van der Klis, 1998). So it is initially a surprise that
the pivot energy should be so different (factor 2-3). This
is particularly the case for Cyg X-2 and GX 5−1 which
based upon source behaviour are considered more alike
than either compared to Sco X-1.
Nearly all behavioural properties of the Z sources are
solely a function of Z track position. Several arguments
identify the mass accretion rate as governing the Z track
position. Also the nature of the accretion flow is appar-
ently dependent on M˙ relative to the Eddington accretion
rate M˙Edd. A comparison between Z sources (Dieters &
van der Klis 1999) has shown that the NBO become de-
tectable at much the same Z track position suggesting that
SZ is an accurate measure of M˙relative to M˙Edd across Z
sources.
We considered as did Vaughan et al. (1999) whether
the different pivot energies in different sources are due to
sampling a pivot-energy/M˙ relation at different mass ac-
cretion rates. This seems unlikely because the estimated
M˙ ’s are comparable for all Z sources in the same spec-
tral branch (Hasinger & van der Klis 1989, Hasinger et al.
1990, Vrtilek et al. 1990). More sensitively, M˙/M˙Edd must
be very similar to produce NBO (Lamb 1989, Fortner et al.
1989, Miller & Lamb 1992). Confirming that changes in
M˙ on the NB make little difference is our observation that
the pivot energy does not change greatly (±1.5 keV) along
the NB of Cyg X-2. Our NB observations of Sco X-1 were
made at very similar Z track positions as the lower NB ob-
servation for Cyg X-2. Also, for Sco X-1 the phase-lag and
rms-energy spectra are similar on the NB and FB despite
the radically different flow conditions associated with sub
(NB) and super (FB) critical Eddington accretion.
Based upon differences in the HB and FB morpholo-
gies and the relative strengths of the FBO there seem to
be two groups, of Z sources: those like Cyg X-2 and those
like Sco X-1. These two sources may represent the ex-
tremes in a continuum of properties. The Sco-like sources
are Sco X-1, GX 17+2, and GX 349+2 and the Cyg-like
sources are Cyg X-2, GX 5−1, and GX 340+0. Both in-
clination angle (Hasinger & van der Klis 1989, Kuulkers
et al. 1994,1996) and neutron star magnetic field strength
(Psaltis et al. 1995, Psaltis & Lamb 1999) have been put
forward as the underlying factor giving rise to these two
groups.
The fact that phase jumps are observed in GX 5−1
and Cyg X-2 and not in Sco X-1 is consistent with this
division into two groups. If this subdivision can indeed be
applied to phase delays in Z sources, then in the energy
range above ∼2 keV we expect to see a phase jump in
the NBO of GX 340+0, whereas no such phase jump is
expected for GX 17+2 and GX 349+2.
The rms amplitude spectrum of GX 17+2 shows no
dip between ∼5 keV and ∼12keV on either the normal or
flaring branches (Penninx et al. 1990). Similarly there is
no evidence for a dip in the NBO rms amplitude spec-
trum of GX 349+2 above ∼5 keV, and there is no phase
lag/lead between low (1–5 keV) and high (5–10keV) pho-
tons ≥80◦/118◦ (90% confidence) (Ponman et al. 1988).
These measurements are consistent with both sources be-
ing Sco-like. In the case of GX 340+0, a Cyg-like source
the rms amplitude spectrum shows no dip at >∼5 keV. A
dip such as that of Cyg X-2 is probably excluded but this
source may be like GX 5−1 with a low pivot energy. The
above evidence is broadly consistent with the pivot en-
ergy also being related to the division of Z-sources into
two groups.
If, pivot energy depends upon inclination angle, say
through asymmetries in the QPO production region
caused by the presence of an inner “puffed-up” torus,
then this could explain the differences between Cyg X-2
and Sco X-1. However, the pivot energies of Cyg X-2 and
GX 5−1 are reversed with the assumed ranking of sources
by inclination angle within the Cyg X-2 group as proposed
by Kuulkers & van der Klis (1995).
In the radiation-hydrodynamic model (Lamb 1989,
Fortner et al. 1989, Miller & Lamb 1992), the N/FBO are
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produced in a relatively cool, spherically symmetric, ra-
dial inflow region that surrounds a hotter inner corona
and magnetosphere of the neutron star. The assumption
of approximately spherical symmetry eliminates inclina-
tion as causing the differentiation of the Z-sources. Recent
extensions to the basic model have suggested that the neu-
tron star magnetic field strength is the controlling factor
(Psaltis et al. 1995, Psaltis & Lamb 1999).
If the NB/FBO is caused by a radiation force - opacity
feedback mechanism, where the opacity is primarily due
to Compton scattering, then the small changes in optical
depth during each oscillation will cause the energy spec-
trum to pivot (Lamb 1989). As a natural consequence,
there is a minimum in the rms amplitude spectrum of the
QPO and about a 180◦ phase jump at the pivot energy
in the phase lag spectrum. This appears to be the case
for Cyg X-2. The longer escape time of photons scattered
downward in energy by the cool radial flow may explain
why the observed phase shift is not exactly 180 degrees
(Lamb 1989).
The pivot energy depends mainly, though weakly, upon
the electron temperature (Te) of the cool radial flow and
to a lesser extent on its optical depth τ . The electron tem-
perature can be estimated fairly accurately by computing
the Compton temperature of the X-ray spectrum we ob-
serve. The possible values for the optical depth are limited
by the twin constraints of the observed spectrum and the
lack of any X-ray pulsations. In the simplified spectral
model of Miller & Lamb (1992) the value of Te needed
to fit the data of Mitsuda & Dotani (1989) and presented
here for the Cyg X-2 NBO is the same as the value of Te
computed from the observed spectrum of Cyg X-2. Given
the range of Compton temperatures determined from the
X-ray spectra of Z-sources (0.5–1.5 keV), the range of pos-
sible pivot energies is limited to those shown in Figure 5 of
Miller & Lamb (1992), i.e. 5–10keV. This is incompatible
with the observed energy of the phase jump (∼3.5 keV) of
GX 5−1 and the implied pivot energy (≤2.3 or ≥9.6 keV)
for Sco X-1.
If, instead of optical depth modulations dominating
during NBO, the effect of the luminosity changes domi-
nates, then the X-ray spectrum may oscillate without piv-
oting (Psaltis & Lamb 1999). Modeling of the shapes of
the Z tracks of various sources (Psaltis et al. 1995) requires
that the neutron stars in the Sco-like subclass of Z sources
have weaker magnetic fields than the neutron stars in the
Cyg-like subclass. A weaker magnetic field will produce
a softer radiation spectrum from the magnetosphere and
hot central corona. The shape and luminosity of this softer
spectrum is affected more by changes in the mass flux
than the spectrum emerging from a stronger field neutron
star, so luminosity changes may dominate NBO produc-
tion, accounting for the lack of any evidence for a pivoting
spectrum in Sco X-1.
However, this does not explain why GX 5−1 has a
phase-jump (pivot) energy lower than the range compat-
ible with the models of Miller & Lamb (1992) used suc-
cessfully for Cyg X-2.
5.1. Conclusion
There are two possible sets of explanations for the results
presented here for Sco X-1 and Cyg X-2 and for those on
GX 5−1 (Vaughan et al. 1999). First; there may be asym-
metries in the NBO producing region causing the pivot
energy to depend upon viewing angle (i.e., inclination).
Second, within the context of the radiation-
hydrodynamic models for the NBO/FBO, the QPO of
Cyg X-2 and GX 5−1 are dominated by optical depth
changes while those of Sco X-1 are dominated by lumi-
nosity variation, the underlying cause of the differences in
QPO production being due to the neutron star of Sco X-1
having weaker magnetic field. Both explainations are at
this stage unable to account for all details of the distribu-
tion of the measured pivot energies over the sources.
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